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Lane merges in construction work zones are guided by the Manual on Uniform Traffic Control 
Devices (MUTCD).  The MUTCD typical lane closure guides merging vehicles from one lane 
into another; from the closed lane, where the construction work is taking place into the open 
lane.  The conventional lane merge often creates conflicts for motorists because queues typically 
form in the open lane and aggressive drivers use this opportunity to drive in the closed lane as far 
as they can until forced to merge in the open lane.  As a result, the conventional lane merge can 
create differential speeds and queue lengths imbalances between the two lanes.  This study builds 
upon prior research by evaluating the impact of trucks (AASHTO WB40 vehicle type and larger) 
on the Joint Lane Merge and the MUTCD conventional lane merge.  This research examines how 
varying truck percentages effect where the cars and trucks merge, the speed of the cars and 
trucks before and after merging, and the operational characteristics of both lane merges.  The 
results of the work suggest that the presence of trucks, whether low or high, did not have a 
significant impact on the speed of the cars and trucks for both the conventional and Joint Lane 
Merge.  The results also suggest that truck lane utilization and merging location are affected by 
the presence of varying truck percentages for both the conventional and Joint Lane Merge.  
While the trucks were affected by the presence of varying truck percentages for both merges, the 




CHAPTER 1: INTRODUCTION 
Over the last fifteen years, there has been an increase in vehicle miles traveled, along with an 
increase of heavy vehicles. Between 1995 and 2006, vehicle miles traveled (VMT) on U.S. 
roadways increased by nearly 100 percent, while highway lane miles only increased by 5 percent 
over the same period (FHWA Work Zone Facts and Statistics).  Around the same time, there was 
a 63 percent increase in the amount of trucks on our highway system (FHA, 2009).  Figure 1 
below shows the upward trend of truck percentages on the highway system.   
 
Figure 1: Truck Percent Increasing (Source: FHA, 2009) 
As vehicle miles traveled increases and transportation infrastructure ages, there is an 
increasing need to repair, rehabilitate, and replace this infrastructure.  There is also a need to 
increase the capacity of the roadway while keeping the lanes open to traffic. Accomplishing both 
of these, inevitability leads to construction-under-traffic and the need for lane merges.   
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Construction work zones are used whenever a roadway is being repaired expanded or 
when work is done in the roadway right of way. While work is being performed on a multi-lane 
freeway, a lane is typically closed to traffic and merged to the other with a lane drop merge.  
Numerous problems are typically associated with lane drop merges including vehicle weaving 
and merging maneuvers, which causes adverse impacts on safety and adds to traffic delay. 
Construction work zones and the associated lane merges contribute to travel delays and 
are a source of frustration for many drivers. Construction work zones account for nearly 24 
percent of non-recurring delays on freeways and are estimated to constitute about 10 percent of 
overall traffic congestion. This added congestion also translates into an annual fuel loss of over 
$700 million (Federal Highway Administration [FHA], 2013). An estimated 3,110 work zones 
were present on the National Highway System (NHS) during the peak summer roadwork season 
of 2001 (FHA, 2013).    
According to the Highway Capacity Manual 2010 (HCM2010), the capacity of a freeway 
lane when a short-term work zone is present is about 1,600 passenger car per hour per lane 
(pc/ph/ln), regardless of the lane closure configuration.  The HCM2010 also states that the 
expected capacity should be adjusted based on the intensity of work activity, the presence of 
ramps, and the effect of heavy vehicles.  Table 1 shows how varying truck percentages affect the 
capacity of a short-term work zone facility according the HCM2010.  From the table it can be 
gleaned that as the percentage of trucks increase, the capacity is reduced by approximately half 
of the truck percentage increase. 
Lane merge length in construction work zones are guided by the Manual on Uniform 
















0% 1.000 1600 0 0% 
2% 0.990 1584 16 -1% 
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merge.  Typically, the closed lane is where the construction work is taking place or near where 
the work is taking place.   The conventional lane merge length in construction work zones are 
guided by the Manual on Uniform Traffic Control Devices (MUTCD).  Figure 2 shows the 
layout of the conventional MUTCD lane merge.  Typically, the closed lane is where the 
construction work is taking place or near where the work is taking place.   The conventional lane 
merge creates conflicts for motorists because typically, there are longer queues in the open lane 
and aggressive drivers often drive in the closed lane as far as they can and do a “forced merge” 
into the open lane.  Because of this, the conventional lane merge configuration also can create 
situations where there are differential speeds between the two lanes. 
The inherent problems of the conventional lane merge configuration led research to 
improve lane balance by creating an alternating merge condition.  Research by Idewu (2009) 
resulted in the Joint Lane Merge concept developed to facilitate such a merge condition.  It was 
then implemented as part of a field test to assess its performance on traffic operations.  The 




Figure 2: Conventional MUTCD lane merge 
While reviewing the video data from the study during later analysis, however, it appeared that 
the presence of trucks had an effect on the merging process.  Because of their training and 
license requirements, truck drivers are thought to be professional drivers.  Based on the size of 
their vehicle and since truck drivers are considered professional drivers, it was assumed that 
these large vehicles would influence how vehicles move throughout the merging process.   
It was hypothesized that as the percentage of trucks increase, the lane distribution would be 
equal among the open and closed lanes during the transition zone because truck drivers would be 
following the directions on the construction signage.  Before the transition zone, it was assumed 
that most trucks would be in the right lane since this is the primary driving lane on the freeway. 
This research study used the speed and volume data collected from the Idewu study 
aggregated into 15 minutes increments to analyze how the presence of trucks (AASHTO WB40 
vehicle type and larger) impacted both lane merges.  Among the goals of this project was to 
demonstrate the extent to which varying truck percentages had on both the traditional and Joint 
Lane Merge.  The research also helped to provide a more comprehensive understanding of how 




To achieve the goal, several objectives were established in this project, including:  
1. Analyze how and where trucks merge in the conventional lane merge and also the Joint 
Lane Merge 
2. Evaluate the speed change between zones and lane utilization of cars and  trucks in both 
the Joint Lane Merge and the conventional merge 




CHAPTER 2: LITERATURE REVIEW 
Several lane merge strategies have been developed and studied to evaluate their operational 
efficiency compared to the conventional merge.  These lane merge strategies try to reduce the 
negative effects of the conventional lane merge.  Typical problems associated with the 
conventional lane merge are queues forming in the open lane, vehicle weaving and merging 
maneuvers, speed differential between the open and closed lane, and traffic delay.  Some of the 
studies evaluated the presence of trucks in the different merging strategies to see how their 
presence affected the traffic stream.  A survey of 930 truck drivers in Illinois indicated that truck 
drivers do not have a clear preference for a preferred work zone configuration and that the 
construction signs were clear and not confusing (Benekohal, Paulo, Shim, 1995).  Some of the 
most commonly merge strategies are the static early merge, dynamic early merge, late merge, 
and the dynamic late merge.  The early merge concepts follow a more traditional approach to 
solving the problems associated with merging operations (Beacher, Fontaine, Garber, 2004). 
2.1 Static Early Merge 
The static early merge places additional advanced lane closure signs for several miles ahead of 
the actual lane closure.  The placement of the signs well in advance of the lane merge allows the 
drivers to know which lane will be closed in advance of the end of the queue of the closed lane 
(Schrock, See, Becker, Mulinazzi, 2008).  Figure 3 below shows the layout of the static early 
merge.  This advanced information will allow the driver to make the lane change prior to arriving 
at the back of the queue in the closed lane.  An advantage of the static early merge is that it has 
the potential to reduce forced merges because vehicles are merging earlier.  Some disadvantages 
are that as more people move into the closed lane earlier this creates unequal lane distribution 
and there are greater speed differentials between the two lanes (Schrock, et al.).   
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  Other studies have tried to overcome some of the disadvantages by utilizing additional 
striping, cb radio, rumble strips, and different signing.  Lane drop arrows were used to 
supplement the recommended striping by the MUTCD and it was found that lane distribution 
was significantly improved for passenger vehicles (two axles) and trucks (greater than two axles) 
(Bernhardt, Shaik, Virkler, 2001).  Berhnardt, Shaik, Virkler also used a CB Wizard to 
communicate with truck drivers and notify them earlier of the lane merge.  Their work found that 
notifying the truck drivers earlier improved lane distribution but the mean speed of vehicles had 
mixed results.  Another method to improve the State Early Merge was through the use of 
different signs that the MUTCD uses near the merge point.   Field studies were performed in I-70 
near Boonville, MO to test the effect of different signage near the merge point, see Figure 3 
below for signage.  The test found that the different signage encouraged up to 11 percent more 
cars to be in the open lane upstream of the merge (Carlos, Edara, Zhongyuan, 2013).  The results 
did not show a significant change in trucks since they typically merge earlier (Carlos et al. 2013). 
 
Figure 3: Static Early Merge Layout (Source: Schrock, et al., 2008) 
2.2 Dynamic Early Merge 
The dynamic early merge is similar to the static merge except that the dynamic early merge uses 
real time traffic data to alert the drivers with signs and lights to merge early (Transportation 




Figure 4: Signage for Static Early Merge (Source: Carlos, et al., 2013) 
static merge, it is thought that the driver will merge well in advance of the end of the queue.  The 
dynamic early merge was evaluated by Florida DOT on I-95 in Malabar, FL in 2008 and found 
that the mean number of in lane changes for both cars and trucks increased prior to the merge 
(Harb, Radwan, Ramasamy, 2009).   
 A popular example of the static early merge is the Indiana Lane Merge, see Figure 5.  
The Indiana DOT field tested their dynamic early merge and found that drivers responded well to 
the system (drivers merged as the signs directed them to).   
  
Figure 5: Dynamic Early Merge (Source: Transportation Research Group, 2007) 
The Indiana Lane Merge was implemented on I-65 southbound approximately 70 miles 
south of Chicago near Remington, Indiana (Byrd, McCoy, Pesti, 1999).  The lane merge utilized 
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five different locations in the work zone to analyze lane distribution, speed, capacity, and 
conflicts.  Their research showed that heavy vehicles (trucks) started merging sooner than 
passenger cars based on the advanced signs and around 2,500 feet in advance of the merge the 
lane distribution for both the cars and heavy vehicles were the same.  Figure 6 below shows a 
graph of the results. 
 
Figure 6: Lane Distribution for Indiana Lane Merge (Byrd et al., 1999).   
2.3 Late Merge 
The late merge was developed to encourage drivers to use both lanes up to the merge point and 
then take their turn merging.  The late merge tries to reduce driver aggression and road rage from 
people using the closed lane until the very end and then doing a forced merge into the open lane.  
PENNDOT had studied this merge and found that it produces fewer forced merges than the 
conventional merge.  Signs telling the motorists to “USE BOTH LANES TO MERGE POINT” 
are used instead of the traditional signs telling which lane is closed ahead (Beacher et al., 2004).  
A sign at the lane merge point “MERGE HERE TAKE YOUR TURN” is used to direct the 
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drivers to alternate turns merging (Beacher et al., 2004).  Figure 7 below shows the layout of the 
late merge.   
 
Figure 7: Late Merge (Beacher et al., 2004).   
Field studies of the late merge found that turn-taking behavior was not readily adopted by 
motorists and lane straddling was still prevalent (Beacher et al., 2004).  The site chosen for this 
work area was approximately a half mile from downtown and it is a four lane divided highway 
with a posted speed limit of 45mph.  The study showed that the percentage of vehicles in the 
closed lane increased from 34 percent in the conventional lane merge to 39 percent in the late 
merge.   Figure 8 shows the summary of vehicles in the closed lane. 
A concern of the late merge is when the roadway is below capacity and the speeds are 
high, the drivers could get confused over which lane is closed.  Based on the confusion and 
concern when the roadway is below capacity and at higher speeds, the dynamic late merge was 






Figure 8: Percent of vehicles in closed lane (Beacher et al., 2004). 
2.4 Dynamic Late Merge 
The dynamic late merge was developed to overcome the disadvantages of the late merge during 
low volume high-speed conditions.  The dynamic lane merge uses dynamic message signs or 
some other means of communication with the driver to alert the motorists as to how they need to 
maneuver (Sperry, McDonald, Nambisan, Pettit, 2009).  The dynamic late merge operates like 
two merges, a conventional merge and a late merge.  During high volume conditions, the 
dynamic late merge operates as a late merge and during low volume conditions; the dynamic late 
merge operates as a conventional merge (Sperry et al., 2009).  Figure 9 shows the layout of the 
dynamic late merge. 
 
Figure 9: Dynamic Late Merge (Sperry et al., 2009) 
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 The Michigan DOT implemented and evaluated the dynamic late merge system at three 
interstate locations in 2006.  The system consisted of the traditional freeway traffic control 
devices, along with sensors, Portable Changeable Message Signs (PCMS’s), and a Master 
Controller for communication (Datta, Grillo, Hartner, 2007).  When the sensors identified 
congestion, the Master Controller would send a signal to the PCMS to display messages to alert 
the drives to use both lanes to the merge point and then take turns merging.  The analysis showed 
that the dynamic late lane merge system improved the flow of travel and increased the 
percentage of vehicles merging at the taper as compared to the conventional MUTCD merge 
(Datta, et al., 2007).  Their research also showed a statistically significant difference in mean 
travel time delay and mean travel speed between the two merges. 
A comparison of the different merge strategies in Figure 10 includes the static and 
dynamic form of each merge.  The table noted that a superior method is not readily apparent 
(Beacher et al., 2004).  The static late merge increased the volume in the closed lane by thirty 
percent but it also showed a decrease in speed ranging from 7mph to 32mph, depending on the 
congestion of traffic. It can be gleaned from the table that there is not a lot of data available that 
studies all of the different merge types. 
 
Figure 10: Comparison of Merge Types (Beacher et al., 2004). 
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2.5 Joint Lane Merge 
In prior research (Idewu, 2009), a lane merge called the Joint Lane Merge was conceptualized 
and implemented with the goal to reduce the negative effects on lane closures in work zone 
areas.  The Joint Lane Merge is an experimental lane merge that merges both lanes of traffic 
together (as compared to the traditional merge as defined in the MUTCD that merges one lane 
into another).  The Joint Lane Merge was tested on I-55 in Louisiana, just north of Hammond, 
Louisiana between mile markers 33 and 36.  The Joint Lane Merge has the typical traffic control 
devices found in the conventional MUTCD lane merge but the merging length was increased and 
the lane width was increased past the merge due to driver unfamiliarity with the new merge 
concept. 
The Joint Lane Merge was thought to minimize the speed differential between lanes and 
zones as compared to the traditional merge because the Joint Lane Merge merges both lanes at 
the same time and do not have a lane merge sign.  The study by Rayaprolu (2010) concluded that 
for the speed differential between the open and closed lane, the traditional merge had a higher 
differential than the Joint Lane Merge.   The study by Idewu (2009) concluded that the Joint 
Lane Merge was less effective at maintaining speed in the open lane and more effective at 
maintaining speeds in the closed lane as vehicles approached the transition zone. 
The Joint Lane Merge was also thought to better utilize both lanes up to the merge point 
since there is no closed lane and no driver has the right of way.  The study by Rayaprolu (2010) 
concluded that for the Joint Lane Merge, as the volume increases, the percentage of early lane 
changes decreased and the percentage of late lane changes increased.  Rayaprolu also concluded 
that trucks merge less efficiently in the Joint Lane Merge and therefore the Joint Lane Merge 
may be more suitable for work zones with low truck percentages.  The work by Idewu (2009) 
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showed that as the volume increased, the percent of vehicles traveling in the closed lane 
decreased.  Zone A is just ahead of the first construction sign, and Zone D is just before the 
actual merge.  Figure 11 shows the lane distribution with respect to volume for the Joint Lane 
Merge. 
 
Figure 11: Percent vehicles in closed lane with respect to volume (Idewu, 2009) 
The Joint Lane Merge showed improvements over the conventional merge with respect to 
vehicles remaining in the closed lane but the impact of trucks was not considered in the research 
by Idewu, as all the vehicles were treated the same.   The work by Rayaprolu modeled the Joint 
Lane Merge with VISSIM but did not use the data from the research by Idewu other than to 




2.6 Intelligent Transportation Systems (ITS) 
The use of Intelligent Transportation Systems (ITS) by State DOT’s is emerging as a supplement 
to construction work zones.  The dynamic late and early merge strategies use ITS to gather 
information about the traffic conditions (speed, volume, congestion, etc.) and prompt change in 
the signs.  ITS is being used to make travel through and around work zones safer and more 
efficient (FHWA ITS & Technology).  ITS can be used for traffic monitoring and management, 
provide traveler information, incident management, enforcement, enhancing safety, and work 
zone planning (FHWA ITS & Technology).  Using the information from ITS, drivers tend to 
change their behavior in a work zone or take a different route.   
Studies have shown that between 50 percent and 85 percent of drivers surveyed said they 
changed their route at least sometimes in response to travel time, delay, or alternate route 
messages provided by work zone ITS (FHWA ITS for Work Zones; Deployment Benefits and 
Lessons Learned).  This report also noted that 20 states are using ITS in work zones.  A FHWA 
Report (Report No. FHWA-HOP-09-002) studied the use of ITS throughout the United States 
and noted that there is a reduction in aggressive maneuvers at work zones, signification traffic 
diversion rates, improved ability to react to stopped or slowed traffic, and improved driver 
perception.  The results of their analysis are described in Figure 12.  Rural ITS work zones are 
primarily to improve traffic safety and mobility because the work area is localized (Balke, 
Brydia, Middleton, Pesti, Ullman, Songchitruksa 2011). 
A part of ITS in work zones is the use of notifying motorists of congestion periods so that 
they reduce their speed before encountering the queue.  One of the ways this is accomplished is 




Figure 12: Benefits of ITS (Source: FHWA Report No. FHWA-HOP-09-002) 
ahead of the queue and can reduce their speed so that the chances of a rear end collision are 
reduced.  Pesti (2005) analyzed the D-25 Speed Advisory System from MPH Industries in 
Lincoln, Nebraska on I-80 and found that the speed messages were effective in reducing the 
speed of vehicles approaching the queue when congestion was building.  Figure 13 shows that 
when the ACWS is activated, there is a decrease in speed of vehicles. 
 




The literature review shows that there are several merging strategies that have been used to 
overcome the shortcomings of the conventional lane merge.  While there has been some 
momentum in the use of different merging strategies, the conventional lane merge remains the 
predominant merging type.  The merging strategies have been compared to the conventional lane 
merge and the results are summarized in Table 2.   
Table 2: Comparison of Lane Merge Strategies 
Lane Merge Type Advantages Disadvantages 
Early Merge - 
Static and 
Dynamic 
Reduce forced merges, cars 
and trucks in open lane earlier, 
drivers know which lane is 
closed ahead of queue 
Longer queues in closed lane, 
greater speed differential 
between lanes because of 
longer queue 
Late Merge – 
Static and 
Dynamic 
Reduce forced merges, 
increase in flow of travel, 
reduce driver aggression, 
increase in vehicles in closed 
lane 
Merging turn-taking behavior 
not readily adopted, decrease 
in speed 
Joint Lane Merge Lower speed differential 
between lanes, increase in 
vehicles in closed lane 
Trucks merge less efficiently, 
less effective at maintaining 
speeds in the open lane 
ITS Reduction on aggressive 
maneuvers, increase in traffic 
diversion, real time traffic 
information  
Can be costly to implement, 




Some of the studies of the alternate merging strategies looked at how the presence of 
trucks affects the overall characteristics but more research is needed because there is not a lot of 
data and some of the results are mixed.  Since trucks are considered to affect the operational 
characteristics of a short-term work zone by reducing the capacity of a freeway, or typically 
merging earlier than smaller vehicles, the presence of trucks should be considered when studying 
a short-term work zone.  
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CHAPTER 3: METHODOLOGY 
This research built upon the research by Idewu and utilizes the same data set obtained by his 
project.  Idewu’s data set included the speed and volume data for all vehicles in both the 
conventional and Joint Lane Merge.  This study used the same speed and volume data but 
separated the cars and trucks. It then compared the impact of varying truck percentages had on 
both the cars and trucks for both merges.   
The site for the prior study was a four lane rural freeway with a grassed median and a 
paved shoulder.  Figure 14 below shows the location of the prior study.  There were no Interstate 
entrances or off-ramps near the project site and the posted speed of the freeway was 70mph. 
 
Figure 14: Site Location on I-55 (Google Maps) 
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Below is a brief summary of the components of the Joint Lane Merge and their 
differences from the MUTCD lane merge.  A detailed description of the Joint Lane Merge is 
described in Idewu (2009).   
The Joint Lane Merge components are similar to the conventional MUTCD merge 
components in that it consists of the transition zone, tangent zone, shifting taper zone, and traffic 
control devices.  Figures 15 and 16 show photos of the transition zone and the changeable 
message board during the Joint Lane Merge.  
 
Figure 15: Joint Lane Merge Transition Zone (Idewu, 2009) 
The Joint Lane Merge increased the length of the transition zone and utilized additional 
traffic control devices because of the unfamiliarity of the merge with drivers.  The tangent zone 
and shifting taper zone were the same as the MUTCD, because once the drivers passed the 
transition zone, then the Joint Lane Merge operates just as the conventional MUTCD merge.  





Figure 16: Changeable Message Board (Idewu, 2009) 
3.1 Data Analysis 
The Idewu study analyzed speed and volume data from a mixed traffic standpoint to show speed 
differentials between the open and closed lane, queue discharge rates, and lane distribution.  The 
Idewu data used one-hour increments but the data for this report used 15-minute increments.  
Fifteen-minute data was used to be consistent with the HCM and it was thought that the smaller 
data range would allow a more detailed look at the changing traffic patterns.  Table 3 shows the 





































































Table 3: Data range intervals 
Merge Type Date Start Time Start Date End Time End 
Conventional 8.18.08 2:00pm 8.28.08 7:00pm 
Joint 1 9.29.08 2:00pm 10.8.08 8:00pm 
Joint 2 2.12.09 2:00pm 2.19.09 10:00am 
 
The speed and volume data from the Idewu study was recorded by the placement of 
traffic counters on the pavement.  The counters where placed in both the open and closed lane of 
the merges at particular locations of the merges.  The data obtained for both of the lane merges 
where gathered by Magnetic Imaging Recorders (MIRs).  Figure 18 shows the location of the 
counters for the conventional merge.  The counter configuration for the Joint Lane Merge was 
identical to the conventional merge. 
 
Figure 18: Conventional Merge Counter Locations (Idewu 2009) 
This study explored the impact of trucks on the lane merge and therefore the definition of 
truck used in this report needs to be defined.  The AASHTO vehicle length was used to define 
what is was considered a truck.  Trucks where defined to be vehicles longer than 39’ in length 
and Vaisala’s Nu-Metrics HDM 9 software was used to categorize the vehicles into the 
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categories below.  For this report, passenger cars and single unit trucks were considered to be 
“cars”.  Table 4 summarizes the vehicle report classification. 
Table 4: Vehicle Classification 
Vehicle Length AASHTO Designation Report Classification 
0’ to 21’ Passenger Car - P Car 
22’ to 39’ Single Unit Truck - SU Car 
40’ to 49’ Buses; Semitrailer – WB40 Truck 
50’ to 59’ Semitrailer – WB50 Truck 
60’ to 69’ Semitrailer – WB62 Truck 
70’ to 79’ Semitrailer – WB65 or 
WB67 
Truck 




Vaisala’s Nu-Metrics HDM 9 software was used to analyze and export the data into 
Microsoft Excel files.  Nine counters where placed at strategic locations in both of the lane 
merges and each of the counters recorded speed, volume, and vehicle classification data.  Each of 
the counters’ information was stored in a Microsoft Access database that was readable by the 
Nu-Metrics HDM 9 software.  Because the Idewu study used one-hour data increments, HDM 9’s 
“derive new study” function was used to derive a new study from an existing study.  Using this 
function, the existing one-hour data increment was converted to fifteen-minute data increments.   
Utilizing the “derive new study” feature, the software was used to develop time-volume-
vehicle classification and time-speed-vehicle classification spreadsheets for each counter. All 
spreadsheets were then exported to Excel for further analysis. Table 5 below shows a sample 
24 
 
breakdown of the time-volume graph for the different vehicle classifications. Table 6 shows a 
sample segment of the time-volume spreadsheet for the different vehicle classifications. 
Table 5: Vehicle Classification Volume Time Table 
  Vehicle Length (feet) 
  0 30 40 50 60 70 80 
Time Range 21 39 49 59 69 79 139 
[17:45-18:00] 10 2 2 0 1 0 0 
[18:15-18:30] 10 2 2 0 1 0 0 
[18:30-18:45] 12 0 0 1 1 0 0 
[19:00-19:15] 6 1 1 0 0 0 0 
[23:30-23:45] 4 0 0 0 1 0 0 
[00:45-01:00] 2 0 0 0 0 0 0 
[01:15-01:30] 1 1 0 0 0 0 0 
[03:00-03:15] 1 1 0 0 0 0 0 
[04:30-04:45] 8 0 1 1 0 0 0 
[07:45-08:00] 8 2 0 1 0 0 0 
 
Table 6: Vehicle Classification Speed Time Table 
  Vehicle Length (feet) 
  0 30 40 50 60 70 80 
Time Range 21 39 49 59 69 79 139 
[17:45-18:00] 66.34 67.08 64.33 66.00 0.00 66.29 0.00 
[18:15-18:30] 67.14 65.18 64.00 61.00 58.75 52.00 0.00 
[18:30-18:45] 68.24 68.50 67.50 0.00 60.67 66.60 0.00 
[19:00-19:15] 67.99 68.62 70.00 63.00 50.00 58.00 0.00 
[23:30-23:45] 65.25 68.70 0.00 0.00 0.00 60.00 0.00 
[00:45-01:00] 67.65 70.33 0.00 68.00 0.00 0.00 0.00 
[01:15-01:30] 67.67 66.40 0.00 0.00 0.00 62.00 0.00 
[03:00-03:15] 69.45 68.40 0.00 78.00 0.00 0.00 0.00 
[04:30-04:45] 68.31 67.11 0.00 0.00 78.00 0.00 0.00 
[07:45-08:00] 65.02 65.14 70.00 0.00 52.67 53.00 0.00 
  
The volume-time-vehicle classification spreadsheet was used to calculate the truck 
percentage for each 15-minute time increment.  The volume information from counters one and 
two was used to determine the truck percentage for the entire work zone.  The car and truck 
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volume from counters one and two were added together to determine the total volume of vehicles 
entering the work zone.  The truck volume was then divided by the total volume to determine the 
truck percentage for each 15-minute time increment.  Since each counter had a time-volume-
vehicle classification and time-speed-vehicle classification spreadsheet, the truck percentage 
calculated from counters one and two was applied to the corresponding time for all of the other 
spreadsheets.   
To better understand the impact of trucks on both of the merges, five different truck 
percentage categories were used; Low, Low-Medium, Medium, Medium-High, and High.  Five 
different truck percentages were used to analyze moderate truck percentages as well as high and 
low truck percentages.  Using more truck percentage groups also allowed the groups to be 
smaller; therefore, this analysis could be compared to other work zones with high or low 
percentages. 
The truck percentages for the study period were plotted on a histogram in order to group 
them together and determine which truck percentages would be placed into the five different 











































Figure 19: Histogram of Truck Percentages 
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The high and low truck percentages where designed to have approximately five to ten 
percent of the vehicles in these categories.  The truck percentages were divided into five groups 
described below.  
Low: less than four percent 
 
Low – Med: four percent to less than seven percent 
 
Med: seven percent to less than ten percent 
 
Med – High: ten percent to less than 13 percent 
 
High: greater than 13 percent 
After the groups were established, they were then added to each of the time-volume-
vehicle classification spreadsheets to categorize the 15-minute data with its appropriate grouping. 
3.1.1 Data Limitations 
Due to the nature of field data, some of the counters information was missing.  Typically, the 
speed and volume data was missing from counters five and six, which represented a specific 
zone in the analysis.  Since the information was missing for this zone, it was excluded in the 
analysis.  While this is not preferable, there was still three zones analyzed which gave a good 
representation of both the conventional and Joint Lane Merge traffic characteristics.   
For the conventional merge, the data for Counters 1-4 and 7-9 were used on 8/18/08 and 
8/19/08.  For the first Joint Lane Merge, the data for Counters 1, 3, 4, and 7-9 were used on 
10/2/08 and 10/3/08.  For the second Joint Lane Merge, the data for Counters 1, 3, and 6-9 were 
used on 2/12/09 and 2/13/09.  A few vehicles may have been missed by the counters due to lane 
switching. 
For the counters used in the analysis, on occasion, some of the volume information was 
missing from the counter.  The missing volume information was inferred from the remaining 
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volume data. The speed data, however, could not be inferred from other speed data. Whenever 
the volume information from the counter was missing from a specific area, a “volume flow” 
equation was used to account for the missing data.  The “volume flow” assumed that all vehicles 
that entered a specific area would then travel to the next area and would be equal.  If Counters 1 
and 2 were assumed to be Area A, and Counters 3 and 4 were assumed be Area B, then c1+c2 = 
c3+c4; therefore if Counter 3 data was missing, you could find the volume by re-arranging the 
equation: c3=c1+c2-c4.   
3.2 Operational Measures 
The overall objective of the research was to analyze the presence of trucks in the conventional 
and Joint Lane Merge.  The presence of trucks was thought to effect the merging process and 
speed change throughout the work zone because of the size of the vehicle and since truck drivers 
are considered professional drivers.  Speed and lane distribution were used as the operational 
measures in this report. 
3.2.1 Lane Distribution 
In order to measure the lane utilization, the percentage of vehicles in the closed lane was used as 
the operational measurement.  Since the cars and trucks were separated for the analysis, both the 
percentage of cars and percentage of trucks in the closed lane was used.  It was thought as the 
percentage of trucks increase, the lane distribution for cars and trucks would be 50-50.  This was 
tested used Analysis of Variances (ANOVA) and a series of T-test to compare both of the lane 
merges together.  The results from the statistical analysis are described in the following chapter. 
3.2.2 Speed 
The expected speed of the cars was assumed to be higher than the expected speed of the trucks 
since truck drivers have their commercial driver license (CDL) and have stricter penalties for 
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moving traffic violations; i.e. speeding.  The average speed change between zones was tested on 
both the conventional and Joint Lane Merge with respect to truck volume.  The statistical 
analysis of the speed change is discussed in the next chapter. 
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CHAPTER 4: RESULTS 
This research examined the extent to which the presence of trucks affected the traditional 
MUTCD lane merge and the Joint Lane Merge.  Some of the lane merge concepts, particularly 
the late merges, have tried to utilize the closed lane up the merge point but they have mixed 
results.  Utilizing both lanes up to the merge point has been thought to remove some of the 
aggressive driving behaviors and create a more balanced operation in terms of speed differences 
between the open and closed lane.  The Joint Lane Merge and the conventional merge were 
analyzed to see how the varying level of truck volume effected the lane utilization and speed 
difference between the two lanes. 
 Both lane merges were set up for simulated construction zones on Interstate 55 north of 
Hammond, Louisiana between Mile Markers 33 and 36. The conventional merge was 
implemented on August 18, 2008 and used for 10 days.  The Joint Lane Merge was used twice; 
the first was September 29, 2008 through October 8, 2008 and the second from February 2, 2009 
through February 19, 2009.  The data from these field experiments were used to study the impact 
from heavy vehicles.   
 The Statistical Analysis System (SAS) Software was used to analyze the speed and 
volume data and determine if a difference existed between the mean percentage of vehicles in the 
closed lane and the mean speed change between zones.  The Analysis of Variances (ANOVA) 
test at the 95 percent confidence level was used to determine the speed differed in the zones with 
respect to the five different truck percentages.  The same ANOVA test was performed on the 
truck percentages utilizing the closed lane with respect to the five different truck percentages. 
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This chapter focuses on the comparison of the results of the experimental work zones 
tests for both types of merge configurations, the conventional and Joint Lane Merge.  Lane 
Distribution was the first operational measured studied and is described below. 
4.1 Lane Distribution  
The data was sorted with Microsoft Excel to show the percentage of cars and trucks remaining in 
the closed lane throughout each zone with respect to each of the truck percentages.  Cars include 
single unit trucks and trucks are considered any vehicle larger than a single unit truck.  Since 
truck drivers are considered to be professional drivers and follow the traffic signs throughout a 
work zone, it was thought that as the percentage of trucks increase, the lane distribution would be 
equal among the open and closed lane during the transition zone.  Before the transition zone, it 
was thought that most trucks would be in the right lane since this is the primary driving lane on 
the interstate.  The lane distributions for both the cars and trucks are described below.   The data 
sets for trucks in Zone A, B, and D was obtained for both the open and closed lane for all of the 
different groups.    
4.1.1 Truck Lane Distribution  
Figure 20 illustrates the results of the conventional merge for the percentage of trucks in the 
closed lane through each zone with respect to the five different truck percentages.  Figure 21 
illustrates the results of the Joint Lane Merge for the percentage of trucks in the closed lane 
through each zone with respect to the five different truck percentages.   
For Zone A, the conventional merge had an average percent of trucks in the closed lane 
ranging from 64 to 71 percent and the joint lane merge had an average percent of trucks in the 
closed lane ranging from 84 to 98 percent.  As the percent of trucks increase, there does not seem 
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to be an impact on the amount of vehicles in the closed lane for both the conventional and Joint 
Lane Merge. 
For Zone B, the conventional merge had an average percent of trucks in the closed lane 
ranging from 4 to 35 percent and the Joint Lane Merge had an average percent of trucks in the 
closed lane ranging from 63 to 86 percent.  For the conventional merge, whenever the truck 
percentage was greater than 10 percent, there was significant lane changing from Zone A and 
only a small percentage of trucks remained in the closed lane.  When the truck percentage was 
less than ten percent, approximately half of the trucks changed from the closed lane to the open 
lane.  For the Joint Lane Merge, whenever the truck percentage was less than seven percent, 
there was more lane changing from Zone A and approximately 30 percent of the trucks switched 
from the closed lane to the open lane.  When the truck percentage was greater than seven 
percent, there was very little lane changing from Zone A. 
For Zone D, the conventional merge had an average percent of trucks in the closed lane 
ranging from one to three percent and the Joint Lane Merge had an average percent of trucks in 
the closed lane ranged from 46 to 59 percent.  For the conventional merge, there appeared to be 
no impact on the percentage of vehicles in the closed lane as the percentage of trucks increased.  
For the Joint Lane Merge, whenever the truck percentage was greater than seven percent, there 
was more lane changing from Zone B and approximately 40 percent of the trucks switched from 
the closed lane to the open lane.  When the truck percentage was less than seven percent, there 





Figure 20: Percent Trucks in Closed Lane for Conventional Merge 
 
Figure 21: Percent Trucks in Closed Lane for Joint Merge 
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 After the results where graphed, statistical testing using ANOVA was used to statistically 
validate the findings from the graphs.  The ANOVA test was performed using SAS to evaluate 
the percentage of trucks in the closed lane with respect to truck percentage, zonal location, and 
merge type.   
 The hypothesis that the conventional and Joint Lane Merge configurations influenced the 
same percentage of trucks to travel in the closed lane was testing using ANOVA.  The results 
from the ANOVA test is shown it Table 7.  Three variables were used in the ANOVA analysis, 
Vclass, Zone, and Type.  Vclass is defined as the volume classification of the trucks (Low, Low-
Med, Med, Med-High, and High).  Zone is defined as the zonal location (A, B, D) within the 
work zone.  Type is defined as the type of merge, conventional or Joint.  Utilizing SAS, 
interactions tests were performed between Type- Vclass, and Type-Zone.  Type-Zone  interaction 
test was used to determine if the percentage of trucks in the closed lane at zones A,B, and D were 
the same for both the conventional and Joint Lane Merge.  Type-Vclass interaction test was used 
to determine if the percentage of trucks in the closed lane  at the five different truck percentages 
were the same for both the conventional and Joint Lane Merge.  The results from these tests are 
shown in Table 8 and 9.  All tests were performed at the 95 percent confidence level. 
 P-values smaller than 0.05 suggests that the null hypothesis, that the means are the same, 
should be rejected and that there is a difference between the means because all tests were 
performed at the 95 percent confidence interval.  The ANOVA testing showed that all p-values 
were less than 0.05 except for the Zone-Type 3-1 configuration.  The ANOVA test for Type-Zone 
suggests that there is a significant difference between the percentage of trucks in the closed lane 
for the conventional and Joint Lane Merge within all zones except for zone D in the conventional 
merge.  This result was expected since Zone D is just before the merge and most trucks merge 
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early.  The ANOVA test for Type- Vclass suggests that there is a significant difference between 
the percentage of trucks in the closed lane for the five different truck percentages in both the 
conventional and Joint Lane Merge.   
Table 7: ANOVA Results for Percent of Trucks in Closed Lane 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
Zone 2 1693 749.00 <.0001 
Vclass 4 1693 2.96 0.0189 
Zone*Vclass 8 1693 8.50 <.0001 
Type 1 1693 1434.92 <.0001 
Zone*Type 2 1693 75.77 <.0001 
Vclass*Type 4 1693 5.63 0.0002 
Zone*Vclass*Type 8 1693 15.61 <.0001 
 
Table 8: Zone-Type ANOVA Test for Percent Trucks in Closed Lane 
Zone*Type Least Squares Means 
Zone Type Estimate Standard Error DF t Value Pr > |t| 
1 1 67.6190 1.4673 1693 46.08 <.0001 
1 2 90.3923 1.2046 1693 75.04 <.0001 
2 1 22.8834 1.4673 1693 15.60 <.0001 
2 2 76.2208 1.2046 1693 63.27 <.0001 
3 1 2.3232 1.5001 1693 1.55 0.1216 




Table 9: Type-Vclass ANOVA Test for Percent Trucks in Closed Lane 
Vclass*Type Least Squares Means 
Vclass Type Estimate 
Standa
rd 
Error DF t Value Pr > |t| 
1 1 35.7730 2.4820 1693 14.41 <.0001 
1 2 73.1819 1.7666 1693 41.42 <.0001 
2 1 34.4273 1.4535 1693 23.69 <.0001 
2 2 71.0235 1.0880 1693 65.28 <.0001 
3 1 33.6287 1.3623 1693 24.69 <.0001 
3 2 72.1864 1.1778 1693 61.29 <.0001 
4 1 25.8634 1.9354 1693 13.36 <.0001 
4 2 74.3431 1.8301 1693 40.62 <.0001 
5 1 25.0169 2.0827 1693 12.01 <.0001 
5 2 72.5850 1.7535 1693 41.39 <.0001 
 
A series of T-tests were performed at 95 percent confidence level to determine which 
zone was significantly different for the conventional and Joint Lane Merge with respect to the 
trucks in the closed lane.  The results from the T-tests are shown in Table 10 and highlighted 
numbers indicate a significant difference.  The results show that the percentage of trucks in the 
Joint Lane Merge is significantly different from the percentage of trucks in the conventional 
merge across all zones.  The results from Zone A were surprising because Zone A is the zone 
before any of the construction signs were placed but Changeable Message Boards (CMB) were 
placed in advance of the signs before the Joint Lane Merge but not the Conventional Merge.  The 
CMB read “Reduce Speed to 60mph” and this was thought to affect the trucks in the closed lane.  
For Zones A,B, and D, the Joint Lane Merge had a higher percentage of trucks in the closed lane 
across all of the truck percentages.   
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As the percentage of trucks increased in Zone B, the percentage of vehicles in the closed 
lane increased.  For Zone D, this result was switched and a lower percentage of vehicles 
remained in the closed lane.  Results from the ANOVA and T-test analysis suggests that overall, 
the Joint Lane Merge encouraged more trucks to use both lanes of traffic up to the merge point 
for all truck percentages as compared to the conventional merge.  Table 11 summarizes the major 
findings for the truck lane utilization. 
Table 10: Truck Percentage in Closed Lane at Various Truck Percentages 
Percent Truck in Closed Lane 
  truck percent Low Low-Med Med Med-High High 
Zone             
A 
Conventional 71 67 63 67 68 
Joint 98 92 84 89 88 
B 
Conventional 33 33 35 8 4 
Joint 63 63 86 86 83 
D 
Conventional 2 2 3 1 3 
Joint 59 58 46 48 46 
   
Table 11: Summary of Truck Lane Distribution 
Description Conventional Merge Joint 
Lane 
Merge 
At All Truck Percentages in Zone D – balanced lane 
distribution 
  
At All Truck Percentages in Zone D – less than three 
percent of vehicles in closed lane 
  
At All Truck Percentages – Greater lane changing 
from Zone A to B 
  
At All Truck Percentages – Reduced lane changing 
from Zone B to D 
  
At Medium High to High Truck Percentages in Zone 





4.1.2 Car Lane Distribution  
Figure 22 illustrates the results of the conventional merge for the percentage of cars in the closed 
lane throughout each zone with respect to the five different truck percentages.  Figure 23 
illustrates the results of the Joint Lane Merge for the percentage of cars in the closed lane 
throughout each zone with respect to the five different truck percentages.   
For Zone A, the conventional merge had an average percent of cars in the closed lane 
ranging from 75 to 82 percent and the Joint Lane Merge had an average percent of trucks in the 
closed lane ranging from 82 to 98 percent.  As the percent of trucks increase, there did not appear 
to be an impact on the amount of cars in the closed lane for both merges. 
For Zone B, the conventional merge had an average percent of cars in the closed lane 
ranging from 51 to 57 percent and the Joint Lane Merge had an average percent of cars in the 
closed lane ranging from 75 to 90 percent.  For the conventional merge, the increase in the truck 
percentage did not appear to have an impact on the cars in the closed lane.  For the Joint Lane 
Merge, when the truck percentage was greater than seven percent, there was less lane changing 
from Zone A.  When the truck percentage was less than seven percent, there was greater lane 
changing from Zone A. 
For Zone D, the conventional merge had an average percent of trucks in the closed lane 
ranging from two to four percent and the Joint Lane Merge had an average percent of cars in the 
closed lane ranged from 32 to 45 percent.  For the conventional merge, there appeared to be no 
impact on the percentage of vehicles in the closed lane as the percentage of trucks increased.  As 
the percent of trucks increase, there does not seem to be a significant impact on the amount of 




Figure 22: Percent Cars in Closed Lane for Conventional Merge 
 
Figure 23: Percent Cars in Closed Lane for Joint Merge 
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After the results where graphed, statistical testing using ANOVA was used to statistically 
validate the findings from the graphs.  The ANOVA test was performed using SAS to evaluate 
the percentage of cars in the closed lane with respect to truck percentage, zonal location, and 
merge type.   
 The null hypothesis that the conventional and Joint Lane Merge configurations 
influenced the same percentage of cars to travel in the closed lane was tested using ANOVA.  
The same three variables were used from the truck analysis; Vclass, Zone, and Type.  The results 
from these tests are detailed in Tables 12, 13, and 14.  All tests were performed at the 95 percent 
confidence level. 
 The ANOVA testing showed that all p-values were less than 0.05 except for the Zone-
Type 3-1 configuration.  The ANOVA test for Type-Zone suggests that there is a significant 
difference between the percentages of cars in the closed lane for the merges, within all zones 
except for zone D in the conventional merge.  This result was expected since Zone D is just 
before the merge and most cars have already merged.  The ANOVA test for Type- Vclass 
suggests that there is a significant difference between the percentages of cars in the closed lane 
for the five different truck percentages in both merges. 
Table 12: ANOVA Results for Percent Cars in Closed Lane 
Type III Tests of Fixed Effects 
Effect Num DF Den DF F Value Pr > F 
Zone 2 1700 1390.27 <.0001 
Vclass 4 1700 2.87 0.0218 
Zone*Vclass 8 1700 4.09 <.0001 
Type 1 1700 630.34 <.0001 
Zone*Type 2 1700 46.09 <.0001 
Vclass*Type 4 1700 0.46 0.7669 
Zone*Vclass*Type 8 1700 6.12 <.0001 
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Table 13: Zone-Type ANOVA Test for Percent Cars in Closed Lane 
Zone*Type Least Squares Means 
Zone Type Estimate Standard Error DF t Value Pr > |t| 
1 1 76.6493 1.3505 1700 56.75 <.0001 
1 2 89.0754 1.1095 1700 80.28 <.0001 
2 1 53.9654 1.3505 1700 39.96 <.0001 
2 2 81.8018 1.1095 1700 73.73 <.0001 
3 1 2.5142 1.3505 1700 1.86 0.0628 
3 2 38.2885 1.1127 1700 34.41 <.0001 
 
Table 14: Type-Vclass ANOVA Test for Percent Cars in Closed Lane 
Vclass*Type Least Squares Means 
Vclass Type Estimate Standard Error DF t Value Pr > |t| 
1 1 43.4008 2.2506 1700 19.28 <.0001 
1 2 71.4625 1.6272 1700 43.92 <.0001 
2 1 47.2091 1.3388 1700 35.26 <.0001 
2 2 71.2108 1.0021 1700 71.06 <.0001 
3 1 42.6827 1.2463 1700 34.25 <.0001 
3 2 68.2658 1.0848 1700 62.93 <.0001 
4 1 43.2675 1.7744 1700 24.38 <.0001 
4 2 68.2959 1.6856 1700 40.52 <.0001 
5 1 45.3214 1.9080 1700 23.75 <.0001 
5 2 69.3745 1.6151 1700 42.95 <.0001 
 
A series of T-tests were performed at 95 percent confidence to determine which zone was 
significantly different for the conventional and Joint Lane Merge with respect to the cars in the 
closed lane.  The results from the T-tests are shown in Table 15 and highlighted numbers 
indicate a significant difference.  The results show that the percentage of cars in the Joint Lane 
Merge is significantly different from the percentage of cars in the conventional merge across all 
zones.  Again, the results from Zone A were surprising but this was thought to be from the 
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CMS’s.  For Zones A,B, and D, the joint merge had a higher percentage of cars in the closed lane 
across all of the truck percentages.  As the percentage of trucks increased in Zone B, the 
percentage of cars in the closed lane increased.  For Zone D, there was no discernable pattern for 
the percent of cars in the closed lane at low or high truck percentages.  Results from the ANOVA 
and T-test analysis suggests that overall, the Joint Lane Merge encouraged more cars to remain 
in the closed lane near the merge point for all truck percentages as compared to the conventional 
merge.  Table 16 summarizes the major findings for the car lane utilization. 
Table 15: Car Percentage in Closed Lane at Various Truck Percentages 
Percent Cars in Closed Lane 
  truck percent Low Low-Med Med Med-High High 
Zone             
A 
Conventional 75 82 75 75 75 
Joint 98 93 82 86 85 
B 
Conventional 52 57 51 52 56 
Joint 77 75 90 86 81 
D 
Conventional 2 2 2 2 4 
Joint 39 45 32 34 42 
 





At All Truck Percentages in Zone D – better lane 
distribution 
  
At All Truck Percentages in Zone D – less than four 
percent of vehicles in closed lane 
  
At All Truck Percentages – Greater lane changing 
from Zone A to B 
  
At All Truck Percentages – Reduced lane changing 
from Zone B to D 
  
At Medium High to High Truck Percentages in 






4.2 Speed Statistics  
 
The general speed statistics for the cars and trucks are described below by zonal location, in both 
the open and closed lane, and with respect to the five different truck percentages.   
The data set for Zone B was obtained for both the open and closed lane and all of the 
different groups.   The sensors for Zone B were placed approximately four hundred feet after the 
“lane close ½ mile” sign.  The drivers traveling through zone B would have already seen the the 
lane closed sign for both the conventional merge and the Joint Lane Merge. 
The data set for Zone D was obtained for both the open and closed lane and all of the 
different groups.   The sensors for Zone D were placed approximately eight hundred feet after 
the “both lanes merge” sign.  The drivers traveling through zone D would have already seen the 
the lane closed sign for both merges. 
The data set for Zone E was obtained all of the different truck groups.   The sensors for 
Zone E were placed after the merge point, where there is just one lane of traffic.  Zone E was 
assumed the open lane for the conventional merge and the Joint Lane Merge.  The drivers 
traveling through zone E would have already merged in both the conventional and Joint Lane 
Merge.   
4.2.1 - Zone B, D, E – Conventional Merge, Open Lane 
 Average speed for cars ranged from 67.4mph to 69.7mph and average speed for trucks 
ranged from 65.2mph to 69.6mph.  As expected, on average, cars were traveling at a higher rate 
of speed than the trucks.  The mode speed for cars ranged from 62mph to 72mph and the mode 
speed for trucks ranged from 62mph to 72mph.  The speed statistics for the open lane in the 




Table 17:  General Speed Statistics – Conventional Merge, Open Lane, Zone B 
















speed (mph)   
cars 
Low <4% 69.3 4.9 62 73.9 
Low-Med 4% to <7% 67.4 11.4 65 73.4 
Med 7% to <10% 68.8 6.6 70 72.9 
Med-High 10% to <13% 69.4 4 70 72.5 
High >13% 69.7 6.1 72 73.5 
trucks 
Low <4% 69.6 9.4 62 82 
Low-Med 4% to <7% 65.2 11.3 62 73.6 
Med 7% to <10% 67.1 7.5 68 75.6 
Med-High 10% to <13% 69.0 8.6 72 78 
High >13% 68.2 8 72 76.6 
 
For Zone D, average speed for cars ranged from 69.0mph to 70.9mph and the average 
speed for truck ranged from 67.3mph to 71.8mph.  On average, the cars were traveling at a 
higher rate of speed than the trucks.  The mode speed for cars ranged from 68mph to 71mph and 
the mode speed for trucks ranged from 68mph to 72mph.  The speed statistics for the open lane 
in the conventional merge in zone D are shown in Table 18. 
Table 18:  General Speed Statistics – Conventional Merge, Open Lane, Zone D 
















speed (mph)   
cars 
Low <4% 70.6 3 71 72.9 
Low-Med 4% to <7% 69.0 9.5 71 73.1 
Med 7% to <10% 70.1 6.4 68 73 
Med-High 10% to <13% 70.9 2.1 71 73.1 
High >13% 70.5 4.2 70 73.6 
trucks 
Low <4% 71.8 5.8 72 77.4 
Low-Med 4% to <7% 67.3 9.9 72 73.4 
Med 7% to <10% 68.9 6.5 70 74 
Med-High 10% to <13% 70.2 5.2 72 74.2 
High >13% 67.7 8.8 68 74.2 
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For Zone E, average speed for cars ranged from 64.6mph to 66.9mph and the average 
speed for trucks ranged from 61.3mph to 65.2mph.  On average, the cars were traveling at a 
higher rate of speed than the trucks.  The mode speed for cars ranged from 66mph to 68mph and 
the mode speed for trucks ranged from 62mph to 70mph.  The speed statistics for the open lane 
in the conventional merge in zone E are shown in Table 19. 
Table 19:  General Speed Statistics – Conventional Merge, Open Lane, Zone E 



















Low <4% 66.9 3.3 66 69.4 
Low-Med 4% to <7% 64.6 7.1 66 68.6 
Med 7% to <10% 66.1 5.5 66 69.3 
Med-High 10% to <13% 67.0 2.3 68 69.2 
High >13% 67.3 6 66 70.4 
trucks 
Low <4% 65.2 7.2 70 72 
Low-Med 4% to <7% 61.3 11 62 69 
Med 7% to <10% 64.0 7.2 68 70 
Med-High 10% to <13% 65.2 6.3 72 71.8 
High >13% 65.4 8.7 68 72 
 
Figures 24 and 25 shows the average speed for the cars and trucks throughout the 
different zones.  Based on the average speed data for both the cars and trucks, there was an 
increase in the average speed from Zone B to D and a decrease in speed from Zones D to E.  
Statistical analysis on the change in speed data is described in the next section.  The increase in 
average speed was surprising since it was thought that drivers would either be maintaining their 





Figure 24: Conventional Merge Average Car Speed by Zone in Open Lane 
 
Figure 25: Conventional Merge Average Truck Speed by Zone in Open Lane 
4.2.2 - Zone B, D, E – Joint Lane Merge, Open Lane 
For Zone B, average speed for passenger vehicles ranged from 53.7mph to 69.2mph and the 
average speed for trucks ranged from 50.3mph to 65.7mph.  On average, the cars were traveling 
at a higher rate of speed than the trucks.  These data suggests that for Zone B, the cars and trucks 
were traveling slower in the Joint Lane Merge than the conventional merge.  This was thought to 
be potentially the result of driver unfamiliarity with the Joint Lane Merge.  The speed statistics 
for the open lane in the Joint Lane Merge in zone B are shown in Table 20. 
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Table 20:  General Speed Statistics – Joint Merge, Open Lane, Zone B 















speed (mph)   
cars 
Low <4% 68.5 3.4 62 71.7 
Low-Med 4% to <7% 69.2 4.6 73 73.0 
Med 7% to <10% 69.2 3.7 70 72.2 
Med-High 10% to <13% 56.3 16.1 N/A 72.4 
High >13% 53.7 17.7 N/A 70.0 
trucks 
Low <4% 64.7 6.8 62 71.4 
Low-Med 4% to <7% 65.7 5.8 62 72.0 
Med 7% to <10% 63.6 5.5 68 68.0 
Med-High 10% to <13% 50.3 16.0 62 65.2 
High >13% 54.7 15.3 62 67.8 
 
For Zone D, average speed for cars ranged from 62.9mph to 70.3mph and the average 
speed for trucks ranged from 62.8mph to 69.0mph.  On average, the cars were traveling at a 
higher rate of speed than the trucks.  The mode speed for cars ranged from 68mph to 70mph and 
the mode speed for trucks ranged from 72mph to 78mph.  The speed statistics for the open lane 
in the Joint Lane Merge in zone D are shown in Table 21. 
Table 21:  General Speed Statistics – Joint Merge, Open Lane, Zone D 















speed (mph)   
cars 
Low <4% 66.8 10.7 70 73.6 
Low-Med 4% to <7% 62.9 15.1 68 73.4 
Med 7% to <10% 64.8 11.4 70 71.7 
Med-High 10% to <13% 69.3 3.7 69 72.7 
High >13% 70.3 5 70 74.5 
trucks 
Low <4% 63.9 12.1 72 72.8 
Low-Med 4% to <7% 69.0 13.8 72 72 
Med 7% to <10% 62.8 11.5 68 72 
Med-High 10% to <13% 67.5 7.5 68 75 




For Zone E, average speed for cars ranged from 61.6mph to 65.3mph and the average 
speed for trucks ranged from 59.1mph to 63.0mph.  The mode speed for cars ranged from 60mph 
to 66mph and the mode speed for trucks ranged from 62mph to 68mph.  The speed statistics for 
the open lane in the Joint Lane Merge in zone E are shown in Table 22. 
Table 22:  General Speed Statistics – Joint Merge, Open Lane, Zone E 















speed (mph)   
cars 
Low <4% 62.1 5.6 65 67 
Low-Med 4% to <7% 61.6 6.8 66 67.3 
Med 7% to <10% 61.9 5.3 60 66.2 
Med-High 10% to <13% 64.2 2.9 66 67 
High >13% 65.3 3.5 65 68.4 
trucks 
Low <4% 59.6 8.4 62 68 
Low-Med 4% to <7% 59.1 8.9 62 68 
Med 7% to <10% 59.7 7.2 62 66.5 
Med-High 10% to <13% 62.9 6.6 62 68 
High >13% 63.0 6.1 68 68 
 
Figures 26 and 27 show the average speed for the cars and trucks throughout the different 
zones in the Joint Lane Merge.  Based on the average speed data for both the cars and trucks, 
generally the average speed remained the same or slightly increased from Zones B to D, and 
remained the same or slightly decreased from Zone D to E.  Statistical analysis on the change in 
speed data is described in the next section.  The percentage of trucks did not appear to have an 




Figure 26: Joint Merge Average Car Speed by Zone in Open Lane 
 
Figure 27: Joint Merge Average Truck Speed by Zone in Open Lane 
4.2.3 - Zone B, D, E – Conventional Merge, Closed Lane 
For Zone B, average speed for cars ranged from 68.2mph to 70.1mph and the average speed for 
trucks ranged from 65.5mph to 69.0mph.  On average, the cars were traveling at a higher rate of 
speed than the trucks.  The mode speed for cars ranged from 62mph to 72mph and the mode 
speed for trucks ranged from 62mph to72mph.  The speed statistics for the closed lane in the 




Table 23:  General Speed Statistics – Conventional Merge, Closed Lane, Zone B 
















speed (mph)   
cars 
Low <4% 70.1 4.8 62 74.2 
Low-Med 4% to <7% 68.2 10.3 70 73.4 
Med 7% to <10% 69.0 8.1 70 73 
Med-High 10% to <13% 69.8 3.8 70 72.9 
High >13% 69.8 6 72 73.4 
trucks 
Low <4% 69.0 9.8 62 82 
Low-Med 4% to <7% 65.5 11.8 62 73.6 
Med 7% to <10% 67.4 7.7 68 75.6 
Med-High 10% to <13% 68.8 8.3 72 78 
High >13% 68.3 8.1 72 76.6 
 
Average speed for cars ranged from 64.0mph to 68.8mph and the average speed for 
trucks ranged from 58.1mph to 70.7mph.  On average, the cars were traveling at a higher rate of 
speed than the trucks.  The mode speed for cars ranged from 52mph to 78mph and the mode 
speed for trucks ranged from 48mph to 62mph.  The speed statistics for the closed lane in the 
conventional merge in zone D are shown in Table 24. 
Table 24:  General Speed Statistics – Conventional Merge, Closed Lane, Zone D 



















Low <4% 64.0 10.1 52 73.9 
Low-Med 4% to <7% 64.1 12.1 58 74.2 
Med 7% to <10% 64.2 11 58 77 
Med-High 10% to <13% 68.7 11 58 81.7 
High >13% 68.8 12.4 78 78.5 
trucks 
Low <4% 70.7 6.6 NA 76.2 
Low-Med 4% to <7% 58.1 20.5 48 83.5 
Med 7% to <10% 64.8 16.2 58 82 
Med-High 10% to <13% 65.8 12 52 82 
High >13% 69.2 9.6 62 80 
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Figures 28 and 29 shows the average speed for the cars and trucks throughout the 
different zones in the conventional merge.  Medium High to High truck percentages resulted in a 
lower speed reduction than lower truck percentages.  This was thought to be caused by the 
increased amount of trucks controlling the speed of cars.  Statistical analysis on the change in 
speed data is described in the next section.  The percentage of trucks did not appear to have an 
impact on the average speed of trucks.   
 
Figure 28: Conventional Merge Average Car Speed by Zone in Closed Lane 
 




4.2.4 - Zone B, D, E – Joint Lane Merge, Closed Lane 
For Zone B, average speed for cars ranged from 59.1mph to 67.9mph and the average speed for 
trucks ranged from 60.9mph to 66.4mph.  On average, the cars were traveling at a higher rate of 
speed than the trucks.  These data suggests that in the closed lane, the cars and trucks were 
traveling slower in the Joint Lane Merge than the conventional merge.  The mode speed for cars 
ranged from 65mph to 72mph and the mode speed for trucks ranged from 62mph to 68mph.  The 
speed statistics for the closed lane in the Joint Lane Merge in zone B are shown in Table 25. 
Table 25:  General Speed Statistics – Joint Merge, Closed Lane, Zone B 















speed (mph)   
cars 
Low <4% 64.1 14.9 72 72.2 
Low-Med 4% to <7% 59.1 20.0 66 71.7 
Med 7% to <10% 64.1 14.0 70 71.0 
Med-
High 
10% to <13% 68.2 3.4 65 71.4 
High >13% 67.9 4.6 68 72.0 
trucks 
Low <4% 63.0 13.8 62 74.7 
Low-Med 4% to <7% 60.9 16.8 62 72.5 
Med 7% to <10% 63.9 11.3 62 72.0 
Med-
High 
10% to <13% 66.1 8.4 68 72.0 
High >13% 66.4 8.4 68 75.0 
 
 For Zone B in both merges, the open lane typically had a slightly lower average speed 
than the closed lane, for both the cars and trucks.  This was not expected as the left lane (open 
lane) is primarily the passing lane on a freeway.  In the open lane, Medium High to High truck 
percentages showed a greater decrease in the average speed of both cars and trucks.  The closed 
lane did not show this reduction in speed.  This was thought to be caused by more trucks in the 
open lane slowing down the rest of the traffic. 
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For Zone D, average speed for cars ranged from 56.5mph to 63.6mph and the average 
speed for trucks ranged from 54.0mph to 60.7mph.  On average, the cars were traveling at a 
higher rate of speed than the trucks.  These data suggests that the cars and trucks were traveling 
slower in the Joint Lane Merge than the conventional merge.   The mode speed for cars ranged 
from 62mph to 65mph and the mode speed for trucks ranged from 58mph to 68mph.  The speed 
statistics for the open lane in the conventional merge in zone D are shown in Table 26. 
Table 26:  General Speed Statistics – Joint Merge, Closed Lane, Zone D 















speed (mph)   
cars 
Low <4% 59.9 12.1 62.7 68.7 
Low-Med 4% to <7% 56.5 15.1 65 68.2 
Med 7% to <10% 59.0 11.5 65 67.1 
Med-High 10% to <13% 63.6 6.8 65 68 
High >13% 63.3 8.8 62 71 
trucks 
Low <4% 56.4 17.2 62 72 
Low-Med 4% to <7% 54.0 17.7 62 72 
Med 7% to <10% 57.0 14.7 68 70.7 
Med-High 10% to <13% 60.7 11.9 62 72 
High >13% 60.4 12.9 58 77.8 
 
For Zone D in both merges, the open lane typically had a higher average speed than the 
closed lane, for both the cars and trucks.  The Joint Lane Merge showed higher average speeds in 
the open lane than the conventional merge.  This was not expected as the Joint Lane Merge was 
meant to minimize speed differentials between the lanes.  The truck volume did not appear to 
impact the speed differential between the lanes. 
Figures 30 and 31 shows the average speed for the cars and trucks throughout the 
different zones in the conventional merge.  The presence of trucks did not appear to affect the 
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average speed for both cars and trucks.  Statistical analysis on the change in speed data is 
described in the next section.  
 
Figure 30: Joint Merge Average Car Speed by Zone in Closed Lane 
 
Figure 31: Joint Merge Average Truck Speed by Zone in Closed Lane 
4.3 Speed Change between zones 
The speed change between zones was analyzed by lane location, zonal location, and truck 
percentage.  The speed change between zones was calculated as the percent change in speed 
from one zone to the next.  This means that if a car or truck was traveling at a rate of speed of 70 
miles per hour in zone A and had a rate of speed of 60 miles per hour in zone D, the percent 
change in speed would be -14 percent.  The speed change was calculated between zones B- D, 
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and D-E.  The speed change was analyzed separately for the open and closed lane since it was 
thought that the Joint Lane Merge would better maintain speed changes between zones. 
4.3.1 Trucks – Closed Lane 
The speed change for the trucks in the closed lane was calculated from zones B-D and D-E.  The 
speed change was used to test the hypothesis that the change in speed between zones for all the 
different truck percentages were the same for the conventional and Joint Lane Merge.  Using 
SAS, the ANOVA test was performed on the percent change in speed for trucks in the closed 
lane.  Three variables were used in the ANOVA analysis, Vclass, Zone, and Type.  Vclass is 
defined as the volume classification of the trucks (Low, Low-Med, Med, Med-High, and High).  
Zone is defined as the zonal location change (B-D,  D-E) within the work zone.  Type is defined 
as the type of merge, conventional or Joint.  Utilizing SAS, interactions tests were performed 
between Type- Vclass, and Type-Zone.  Type-Zone  interaction test was used to determine if the 
speed change in the closed lane between zones B-D and D-E were the same for the conventional 
and Joint Lane Merge.  Type-Vclass interaction test was used to determine if the speed change 
for trucks in the closed lane at the five different truck percentages were the same for both 
merges.  The results from these tests are shown in Tables 27 and 28.  All tests were performed at 
the 95 percent confidence level. 
 P-values smaller than 0.05 suggests that the null hypothesis should be rejected and that 
there is a difference between the means because all tests were performed at the 95 percent 
confidence interval.  The interaction test between Type-Zone showed that all p-values were 
greater than 0.05 for the conventional merge and less than 0.05 for the joint merge.   The 
ANOVA test for Type-Zone suggests that there is a significant difference between the percent 
change in speed of the trucks in the closed lane for the joint merge and there is not a significant 
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different between the percent changes in speed for the trucks in the closed lane for the 
conventional merge.  The interaction test between Type- Vclass showed that all p-values were 
greater than 0.05 except for the 2-2 and 3-2 combination.  The ANOVA test for Type- Vclass 
suggests that there is not a significant difference between the percent change in speed of the 
trucks in the closed lane for the five different truck percentages in both the joint and 
conventional lane merge, except for the Joint/Low-Med and Joint/Med combination. 
Table 27: Zone-Type ANOVA Test for Truck Percent Change in Speed in Closed Lane 
Zone*Type Least Squares Means 
Zone Type Estimate Standard Error DF t Value Pr > |t| 
1 1 -2.7148 3.8457 1918 -0.71 0.4803 
1 2 8.2547 1.2607 1918 6.55 <.0001 
2 1 5.4208 3.8479 1918 1.41 0.1591 
2 2 -2.8837 1.2344 1918 -2.34 0.0196 
 
Table 28: Type-Vclass ANOVA Test for Truck Percent Change in Speed in Closed Lane 
Vclass*Type Least Squares Means 
Vclass Type Estimate Standard Error DF t Value Pr > |t| 
1 1 2.7896 8.0496 1918 0.35 0.7290 
1 2 3.7148 2.7927 1918 1.33 0.1836 
2 1 4.5505 4.4236 1918 1.03 0.3038 
2 2 9.3553 1.5147 1918 6.18 <.0001 
3 1 0.3345 4.0571 1918 0.08 0.9343 
3 2 2.6283 1.2788 1918 2.06 0.0400 
4 1 -1.9062 6.8647 1918 -0.28 0.7813 
4 2 -1.1924 1.9491 1918 -0.61 0.5408 
5 1 0.9967 6.0849 1918 0.16 0.8699 
5 2 -1.0786 1.9826 1918 -0.54 0.5865 
 
A series of T-tests were performed at the 95 percent confidence level to determine which 
zone was significantly different for the conventional and Joint Lane Merge with respect to the 
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truck percent change in speed in the closed lane.  The results from the T-tests are shown in Table 
29 and highlighted numbers indicate a significant difference.  Zone B-D showed mixed results 
for the truck percent change in speed in the closed lane because it was significantly different for 
three of the truck percentages. 
Zone D to E was considered the transition zone because it received vehicles from both 
the open lane and closed lane.  The percent change in speed between zones D to E was 
considered to be a measure of how effective the transition zone operates.  The results from the T-
Test for zones D-E suggest that the means are the same and there is not a significant difference 
between the truck percent change in speed in the transition zone. 
Table 29: Truck Percent Change in Speed at Closed Lane at Various Truck Percentages 
Closed Lane 
Truck- Percent Change in speed 
  Truck Percent Low Low-Med Med Med-High High 
Zone             
B-D 
Conventional -10 10 -4 -8 0 
Joint 11 15 7 4 4 
D-E 
Conventional 15 0 5 4 2 
Joint -4 3 -1 -6 -6 
 
4.3.2 Trucks  - Open Lane  
The percent change in speed for the trucks in the open lane was calculated from zones B-D and 
D-E.  The percent change in speed analysis was used to test the hypothesis that the change in 
speed between zones for all the different truck percentages were the same for the conventional 
and Joint Lane Merge.  Using SAS, the ANOVA test was performed on the percent change in 
speed for trucks in the open lane.  The same three variables (Vclass, Zone, and Type) from the 
closed lane analysis was used for the open lane analysis.  Utilizing SAS, interactions tests were 
performed between Type- Vclass, and Type-Zone.  The results from these tests are shown in 
Table 30 and 31.  All tests were performed at the 95 percent confidence level. 
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 The interaction test between Type-Zone showed that p-values were greater than 0.05 for 
the Zone B-D conventional merge and the Zone D-E joint merge and less than 0.05 for the Zone 
B-D joint merge and the Zone D-E conventional merge.  The interaction test between Type- 
Vclass showed that all p-values were greater than 0.05 except for the 4-2 and 5-2 combination.  
The ANOVA test for Type- Vclass suggests that there is not a significant difference between the 
percent change in speed of the trucks in the open lane for the five different truck percentages in 
both the joint and conventional lane merge, except for the Joint/Med-High and Joint/High 
combination. 
Table 30: Zone-Type ANOVA Test for Truck Percent Change in Speed in Open Lane 
Zone*Type Least Squares Means 
Zone Type Estimate Standard Error DF t Value Pr > |t| 
1 1 3.0133 1.5992 587 1.88 0.0600 
1 2 14.5995 2.5276 587 5.78 <.0001 
2 1 -5.5581 1.3811 587 -4.02 <.0001 
2 2 1.4932 2.5085 587 0.60 0.5519 
 
Table 31: Type-Vclass ANOVA Test for Percent Change in Speed in Closed Lane 
Vclass*Type Least Squares Means 
Vclass Type Estimate Standard Error DF t Value Pr > |t| 
1 1 -0.8807 3.1682 587 -0.28 0.7811 
1 2 -4.2713 3.1695 587 -1.35 0.1783 
2 1 0.1440 1.7629 587 0.08 0.9349 
2 2 -2.7375 1.7639 587 -1.55 0.1212 
3 1 -0.9898 1.7415 587 -0.57 0.5700 
3 2 -1.2416 3.0024 587 -0.41 0.6794 
4 1 -2.8626 2.4399 587 -1.17 0.2412 
4 2 25.0054 5.9272 587 4.22 <.0001 
5 1 -1.7727 2.4028 587 -0.74 0.4609 




A series of T-tests were performed at 95 percent confidence to determine which zone was 
significantly different for the conventional and Joint Lane Merge with respect to the truck 
percent change in speed in the open lane.  The results from the T-tests are shown in Table 32 and 
highlighted numbers indicate a significant difference.  During low truck percentages, the trucks 
decreased speeds at a significantly lower rate from Zones B-D in the open lane of the Joint Lane 
Merge.  At higher truck percentages, the trucks increased at a significantly higher rate of speed 
from Zones B-D in the open lane of the joint merge.   
The results from the T-Test for zones D-E suggest that higher truck percentages affect the 
conventional and Joint Lane Merge the same.  During mid to low truck percentages, the Joint 
Lane Merge shows trucks accelerating through the transition zone while the conventional merge 
had vehicles slowing through it.   
Table 32: Truck Percent Change in Speed at Open Lane at Various Truck Percentages 
Open Lane 
Truck - Percent Change in speed 
  Truck Percent Low Low-Med Med Med-High High 
Zone             
B-D 
Conventional 6 6 4 1 -2 
Joint -15 -17 -3 53 56 
D-E 
Conventional -8 -5 -6 -6 -2 
Joint 7 11 1 -3 -8 
 
4.3.3 Cars – Closed Lane  
The percent change in speed for the cars in the closed lane was calculated from zones B-D and 
D-E.  The percent change in speed analysis was used to test the hypothesis that the change in 
speed between zones for all the different truck percentages were the same for the conventional 
and Joint Lane Merge.  Using SAS, the ANOVA test was performed on the percent change in 
speed for cars in the closed lane.  The same three variables (Vclass, Zone, and Type) from the 
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truck closed lane analysis was used for this analysis.  Utilizing SAS, interactions tests were 
performed between Type- Vclass, and Type-Zone.  Type-Zone  interaction test was used to 
determine if the speed change in the closed lane between zones B-D and D-E were the same for 
the conventional and Joint Lane Merge.  The results from these tests are shown in Tables 33 and 
34.  All tests were performed at the 95 percent confidence level. 
The interaction test between Type-Zone showed that all p-values were greater than 0.05 
for the conventional merge and less than 0.05 for the Joint Lane Merge.   The ANOVA test for 
Type-Zone suggests that there is a significant difference between the percent change in speed of 
the cars in the closed lane for the Joint Lane Merge and there is not a significant different 
between the percent changes in speed for the cars in the closed lane for the conventional merge.  
The interaction test between Type- Vclass showed that all p-values were greater than 0.05 except 
for the 1-2, 2-2, and 3-2 combination.  The ANOVA test for Type- Vclass suggests that there is 
not a significant difference between the percent change in speed of the cars in the closed lane for 
the five different truck percentages in both the Joint and conventional lane merge, except for the 
Joint Lane Merge with medium to low truck percentages. 
Table 33: Zone-Type ANOVA Test for Car Percent Change in Speed in Closed Lane 
Zone*Type Least Squares Means 
Zone Type Estimate Standard Error DF t Value Pr > |t| 
1 1 -3.3502 1.9233 2396 -1.74 0.0817 
1 2 9.2074 0.9438 2396 9.76 <.0001 
2 1 1.9509 1.9233 2396 1.01 0.3105 




Table 34: Type-Vclass ANOVA Test for Car Percent Change in Speed in Closed Lane 
Vclass*Type Least Squares Means 
Vclass Type Estimate Standard Error DF t Value Pr > |t| 
1 1 -1.1594 3.9254 2396 -0.30 0.7677 
1 2 4.0521 1.9844 2396 2.04 0.0413 
2 1 -0.1445 2.3350 2396 -0.06 0.9507 
2 2 12.6403 1.1743 2396 10.76 <.0001 
3 1 -0.2860 2.1738 2396 -0.13 0.8953 
3 2 2.8929 1.0363 2396 2.79 0.0053 
4 1 -1.0613 3.0949 2396 -0.34 0.7317 
4 2 -2.7417 1.5580 2396 -1.76 0.0786 
5 1 -0.8471 3.3279 2396 -0.25 0.7991 
5 2 -1.5354 1.5220 2396 -1.01 0.3131 
 
A series of T-tests were performed at 95 percent confidence to determine which zone was 
significantly different for the conventional and Joint Lane Merge with respect to the truck 
percent change in speed in the closed lane.  The results from the T-tests are shown in Table 35 
and highlighted numbers indicate a significant difference.   
During low truck percentages, the cars increased speeds from B-D in the Joint Lane 
Merge while the cars where decreasing their speed in the conventional merge.  At higher truck 
percentages, there was no significant difference between the change in speed for both merges.  
Also, both merge types showed no significant change in speed. 
The results from the T-Test for zones D-E were mixed because there was no clear defined 
truck percentage where the Joint Lane Merge differed from the conventional merge.  Overall, the 
Joint Lane Merge had cars decelerating between Zones D-E and the conventional merge had cars 
either slightly accelerating from lower truck percentages or slightly decelerating for higher truck 




Table 35: Car Percent Change in Speed at Closed Lane at Various Truck Percentages 
Closed Lane 
Car - Percent Change in speed 
  Truck Percent Low Low-Med Med Med-High High 
Zone             
B-D 
Conventional -7 -1 -6 -1 0 
Joint 12 21 7 2 4 
D-E 
Conventional 5 1 6 -1 -1 
Joint -4 4 -1 -7 -7 
 
4.3.4 Cars – Open Lane 
The percent change in speed for the cars in the open lane was calculated from zones B-D and D-
E.  Using SAS, the ANOVA test was performed on the percent change in speed for cars in the 
open lane.  The same three variables (Vclass, Zone, and Type) from the cars closed lane analysis 
was used for the car open lane analysis.  Type-Zone  interaction test was used to determine if the 
speed change in the open lane between zones B-D and D-E were the same for both merges.  
Type-Vclass interaction test was used to determine if the speed change for cars in the open lane 
at the five different truck percentages were the same both merges.  The results from these tests 
are detailed in Tables 36 and 37.  All tests were performed at the 95 percent confidence level. 
 The interaction test between Type-Zone showed that p-values were greater than 0.05 for 
the Zone B-D conventional merge and the Zone D-E Joint Lane Merge and less than 0.05 for the 
Zone B-D joint merge and the Zone D-E conventional merge.  The interaction test between Type- 
Vclass showed that all p-values were greater than 0.05 except for the 2-2, 4-2 and 5-2 
combination.  The ANOVA test for Type- Vclass suggests that there is not a significant 
difference between the percent change in speed of the cars in the open lane for the five different 




Table 36: Zone-Type ANOVA Test for Car Percent Change in Speed in Open Lane 
Zone*Type Least Squares Means 
Zone Type Estimate Standard Error DF t Value Pr > |t| 
1 1 1.2698 1.4310 630 0.89 0.3752 
1 2 6.3094 2.2401 630 2.82 0.0050 
2 1 -5.1324 1.2936 630 -3.97 <.0001 
2 2 4.0923 2.2401 630 1.83 0.0682 
 
Table 37: Type-Vclass ANOVA Test for Car Percent Change in Speed in Open Lane 
Vclass*Type Least Squares Means 
Vclass Type Estimate Standard Error DF t Value Pr > |t| 
1 1 -1.9188 2.7756 630 -0.69 0.4896 
1 2 -3.3340 2.7630 630 -1.21 0.2280 
2 1 -1.6492 1.6748 630 -0.98 0.3252 
2 2 -3.2839 1.5952 630 -2.06 0.0399 
3 1 -2.4829 1.6250 630 -1.53 0.1270 
3 2 -3.4986 2.8312 630 -1.24 0.2170 
4 1 -1.9510 2.2205 630 -0.88 0.3799 
4 2 15.7465 5.1691 630 3.05 0.0024 
5 1 -1.6545 2.2753 630 -0.73 0.4674 
5 2 20.3743 4.2206 630 4.83 <.0001 
 
A series of T-tests were performed at 95 percent confidence to determine which zone was 
significantly different for the conventional and Joint Lane Merge with respect to the truck 
percent change in speed in the open lane.  The results from the T-tests are shown in Table 38 and 
highlighted numbers indicate a significant difference.  Zone B-D showed that the change in 
speed was significantly different for both merges.  For low truck percentages, the Joint Lane 
Merge showed large decreases in speed while the conventional merge showed the cars remaining 
relatively the same speed.  At higher truck percentages, the Joint Lane Merge showed large 
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increases in speed while the conventional merge showed the cars remaining relatively the same 
speed. 
The results from the T-Test for zones D-E suggest that at lower truck percentages, the 
Joint Lane Merge increased speeds at a significantly higher rate than the conventional merge.  At 
higher truck percentages, both merges appeared to operate the same with respect to change in car 
speed. 
Table 38: Car Percent Change in Speed at Open Lane at Various Truck Percentages 
Open Lane 
Car - Percent Change in speed 
    Low Low-Med Med Med-High High 
Zone             
B-D 
Conventional 1 2 0 2 2 
Joint -19 -20 -11 36 46 
D-E 
Conventional -5 -4 -5 -5 -4 





CHAPTER 5: SUMMARY AND CONCLUSIONS 
This chapter summarizes the results and findings to which the presence of trucks affected the 
conventional and Joint Lane Merge.  The following sections discuss the summary, conclusions, 
and future work. 
5.1 Summary 
The goal of this research project was to study the operations of how and where trucks merge and 
to evaluate their impacts on both merge types based on varying truck percentages.  The first 
objective of the research was to analyze how and where cars and trucks merge in the 
conventional and Joint Lane Merge, with respect to the five different truck percentages.  The 
second objective of the research was to evaluate the speed of the cars and trucks in both merges 
with respect to the five different truck percentages.  The third objective of the research was to 
evaluate the speed change between zones for both merges with respect to the five different truck 
percentages.     
 For the first objective, the volume data was used to summarize both the car and truck 
percentages in the closed lane at each zone and for each of the five different truck percentages.  
Three zones where used in the closed lane analysis, Zone B, Zone D, and Zone E.  For Zone B, 
the sensors where placed approximately four hundred feet after the “lane close ½ mile” sign.  For 
Zone D, the sensors where placed approximately eight hundred feet after the “both lanes merge” 
sign.  For Zone E, the sensor was placed after the merge point.  The truck percentages for the 
study period were plotted on a histogram and then groups together.  Based on the histogram, the 
truck percentages were divided into five groups, Low (less than four percent); Low-Med (four 
percent to less than seven percent); Med (seven percent to less than ten percent); Med-High (ten 
percent to less than 13 percent); and High (greater than 13 percent).  Graphs and ANOVA were 
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used to compare the percentage of cars and trucks in the closed lane with respect to zone and for 
each of the five different truck percentages.  
 For the second objective, the speed data was used to summarize the speed statistics for 
the cars and trucks by lane occupation, zone, and with respect to the five different truck 
percentages.  The general speed statistics were plotted in tables, which included the average 
speed, standard deviation, mode speed, and 85
th
 percentile speed.  The results from the general 
speed statistics were used to make observations about the average speed between the 
conventional and Joint Lane Merge for the lane distribution and zone for each of the five 
different truck percentages. 
 For the third objective, the speed data was used to analyze the speed change for the cars 
and trucks between the zones, for both the open and closed lane and for each of the five different 
truck percentages.  The speed change was calculated for the cars and trucks between zones B-D 
and D-E as the speed data was unavailable for the other zones.  The speed change analysis used 
graphs and ANOVA to compare the speed change for the cars and trucks between zones, for both 
the open and closed lane and for each of the five different truck percentages. 
5.2 Conclusions 
The results from the analysis of the speed data showed that the Joint Lane Merge had lower 
speeds than the conventional merge for all truck percentages and zones except for Zone B in the 
Low-Medium truck percentage.  These results are thought to be caused by drivers being 
unfamiliar with the joint lane merge and therefore driving more cautious.  Generally, speeds 
varied by merge type and truck percentage.   
 For the open lane transition zone, truck percentages less than ten percent showed a 
significant difference in the change in speed between the conventional merge and joint merge.  
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The conventional merge was less effective at maintaining speeds as the cars and trucks were 
decelerating.  The Joint Merge was more effective at maintaining speeds as the cars and trucks 
were increasing their speed.  Truck percentages greater than ten percent in the open lane 
transition zone did not show a significant difference in the change in speed between the merge 
types.  This suggests that the joint merge is better suited for maintaining speeds in the open lane 
transition zones for truck percentages less than ten percent. 
For the closed lane transition zone, cars and trucks were generally increasing their speed 
for the conventional merge and decreasing their speed for the Joint Merge.  There was no 
significant difference for the change in truck speed in the closed lane transition zone between the 
two merges.  This suggests that the joint merge did not maintain truck speeds through the 
transition zone better than the conventional merge.  The change in speed for the cars in the 
closed lane transition zone showed significant difference in three of the truck percentages but 
there was no clear distinction in high or low truck percentages.  Generally, lower truck 
percentages showed an increase in speed for the conventional merge and a decrease in speed for 
the Joint Merge. 
From Table 10, the results suggest that medium to high truck percentages had an impact on 
how the trucks changed lanes to the open lane in both the conventional and Joint Lane Merge.  
For lane changing from Zones A to B in the conventional merge, truck percentages greater than 
ten percent showed approximately 90 percent lane changing from the closed to the open lane.  
For lane changing from Zones A to B in the joint merge, truck percentages lower than seven 
percent showed approximately 35 percent lane changing from the closed to the open lane.  This 
suggests that higher truck percentages affected the conventional merge more than the joint merge 
and that higher truck percentages did not promote significant lane changing for the trucks in the 
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joint lane merge.  For lane changing from Zones B to D in the conventional merge, truck 
percentages did not appear to affect the lane changing behavior for the trucks as virtually all of 
the trucks were in the open lane by the time they reached zone D.  For lane changing from Zones 
B to D in the joint merge, truck percentages greater than seven percent showed approximately 45 
percent lane changing from the closed lane to the open lane.  This suggests that truck percentages 
greater than seven percent in the Joint Merge promoted more lane changing between zones B to 
D but that a higher truck percentage showed a better utilization of both lanes.  High or low truck 
percentages in the conventional merge did not show a difference in the lane utilization as most of 
the trucks were in the open lane by the time they reached zone D. 
From Table 15, the results suggest that medium to high truck percentages had an impact on 
how the cars changed lanes to the open lane in the Joint Merge, but not the conventional merge.  
For lane changing from Zones A to B in the conventional merge, truck percentages did not 
appear to impact lane changing behavior as approximately 50 percent of the cars were in the 
closed lane for all truck percentages.  For lane changing from Zones A to B in the Joint Merge, 
truck percentages lower than seven percent showed approximately 20 percent lane changing 
from the closed to the open lane.  This suggests that higher truck percentages did not promote 
significant lane changing for the cars in the Joint Merge.  This was the same result for the trucks, 
which suggest that higher truck percentages does not promote vehicle lane changing from Zones 
A to B.  For lane changing from Zones B to D in the conventional merge, truck percentages did 
not appear to affect the lane changing behavior for the cars as virtually all of the cars were in the 
open lane by the time they reached zone D.  For lane changing from Zones B to D in the joint 
merge, truck percentages did not appear to affect the percent of cars in the closed lane at Zone D.  
However, since there were more cars in the closed lane at Zone B there was greater lane 
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changing at higher truck percentages.  This suggests that truck percentages greater than seven 
percent in the Joint Merge promoted more lane changing between zones B to D but that a higher 
truck percentage did not affect lane utilization at Zone D.  High or low truck percentages in the 
conventional merge did not show a difference in the lane utilization as most of the cars were in 
the open lane by the time they reached zone D. 
 Overall, the Joint Lane Merge showed greater lane utilization for both cars and trucks 
over the conventional merge.  The presence of trucks had a greater impact on the lane utilization 
for trucks than cars.  For cars in the conventional and Joint Merge, the percentage of trucks did 
not appear to affect the lane utilization across all the zones.  In the conventional merge with truck 
percentages greater than 10 percent, the lane utilization was significantly reduced as most trucks 
were in the open lane.  For the Joint Lane Merge, the percentage of trucks did not adversely 
affect the lane utilization; it mainly governed where they merged in the work zone.   
5.3 Future Work 
Future research on the Joint Merge should study work zones that have high truck percentages 
and compare it to the static late merge or the dynamic late merge.  The future research should 
also focus on studying the capacity of the Joint Lane Merge with varying truck percentages and 
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